As complementary metal oxide semiconductor ͑CMOS͒ devices continue to scale down for higher integration density and better performance, there is an enormous interest in developing novel metal-gate electrodes to replace poly-Si electrodes, which can limit scalability due to poly-Si depletion. 1, 2 The work function of metal electrodes is a principal concern in the choice of a metal-gate material because it directly affects the performance of the transistor, including threshold voltage and leakage current. A dual metal-gate process, using two different single metals with different work functions of about 4 and 5 eV for n-channel MOS ͑NMOS͒ and p-channel MOS ͑PMOS͒, respectively, has also been proposed for CMOS devices. However, this dual metal gate has a problem from the viewpoint of integration due to using two different metals with uncontrollable work function. To solve these integration problems, several work function tunable technologies such as metal bilayer, 3 metal alloy, 4 ion implantation, 5 and full silicidation 6 have been proposed to modify the work function of metal electrodes. The bilayer metal electrode process stacked with two different metals is a straight and simple method to adjust the work function of the gate electrode on SiO 2 , 7-9 SiON, 3 and GaAs. 10 For CMOS application, one metal should have a lower work function for NMOS and the other should have a higher work function for PMOS. Ti is a candidate for NMOS due to its low work function of 3.9 eV. 4 Ru is one of the promising candidates for PMOS due to its high work function of 5.3 eV, 11 low resistivity, and thermal stability. 1 In this article, we investigated the work function tunability of a Ru/Ti bilayer metal-gate electrode on thermal SiO 2 . The work function shifts resulting from the stacking effect of bilayer metal are discussed on the bases of the islandlike growth of a bottom metal layer and metal interdiffusion to identify its proper origins.
Experimental
The substrates used in this study were p-type Si͑100͒ wafers with 3 ϫ 10 15 cm −3 doping concentration. Prior to gate dielectric formation, standard RCA cleaning with a final dilute hydrofluoric acid ͑HF͒ dip was performed. SiO 2 dielectrics were thermally grown with varying thickness of 6-12 nm, then both Ti and Ru were sputter-deposited at room temperature. The deposited thickness of the bottom Ti layer was varied from 3 to 34 nm, with a fixed top Ru layer with the thickness of 54 nm, where the thickness were measured by high-resolution transmission electron microscopy ͑HR-TEM͒. The back sides of the Si substrates were metallized by Pt to provide nearly ohmic contact. The fabricated MOS capacitors with conventional lift-off method were forming gas annealed ͑FGA͒ for 30 min in N 2 ambient with 5% H 2 at 400°C. The capacitancevoltage ͑C-V͒ measurements were performed in parallel mode using an HP4284 LCR meter at high frequency ͑100 kHz͒. The equivalent oxide thickness ͑EOT͒ and flatband voltage ͑V FB ͒ were determined from C-V results by considering the quantum mechanical effects. The interfacial morphology and depth profile of deposited Ti and Ru metal layers were analyzed by the JEOL JEM-2100F HR-TEM system equipped with an energy dispersive X-ray spectrometer ͑EDS͒ system, respectively.
Results and Discussion
Typical high-frequency C-V curves of MOS capacitors with Ru/Ti electrodes on 10 nm SiO 2 are shown in Fig. 1 . From this figure, two characteristic features are observed with the changes of bottom-layer thickness. One is the variation of accumulation capacitances and the other is the remarkable shift of C-V curves. These results suggest that not only the EOT of MOS capacitors but also the work function with metal bilayers are controlled only by changing the bottom-layer thickness.
The electrical thinning effect of SiO 2 film with the bottom layer is estimated from the values of accumulation capacitances. When Ti is used as a metal-gate electrode on polycrystallized high-k dielectrics such as HfO 2 and ZrO 2 , the decomposition of the remote SiO 2 interfacial layer below high-k dielectric has been reported, even though the interfacial layer is not in direct contact with the Ti layer. 12 As Ti is directly placed on SiO 2 film in this study, the decomposition of SiO 2 may be more active, which may be responsible for the thinning of EOT.
As the Ti bottom-layer thickness increases, the C-V curve shifts toward negative voltage as can be seen in Fig. 1 . This result suggests z E-mail: jhahn@hanyang.ac.kr The effective work function of metal on dielectric is determined by several material factors such as EOT and several types of charges. In particular, for high-k dielectrics stacked on Si substrate, the inevitable interfacial oxide thickness and charges make the estimation of metal work function vague. 13 To avoid this ambiguity, SiO 2 film was used to investigate the work function shift of metal electrode.
The work functions of the Ru/Ti bilayer on SiO 2 are extracted from the linear relationship of V FB on EOT and are depicted in Fig.  2 as a function of bottom-layer thickness. The work function ranges from 4.82 to 3.92 eV for 3-34 nm bottom-layer Ti thickness. The work function of Ru on SiO 2 dielectric in this study is obtained as 5.19 eV, which is similar to 5.3 eV from the earlier study. 11 The work function of 3.92 eV with a thick Ti bottom layer is the same as that of a Ti single electrode on SiO 2 . 4 Work function variation can be divided into two characteristic regions. One regime is where the work function abruptly decreases with the thickness of Ti bottom layer lower than 7 nm. The other region is that work function saturates to those of single Ti layer for thick Ti layer. According to Ref. 8 , work function variation also depends on the layer stacking order. For example, the Ti/Pt/SiO 2 system shows a gradual variation of work function, whereas Pt/Ti/SiO 2 exhibits a dramatic drop followed by subsequent saturation. The former feature is also found in the Ti/W/SiO 2 system 9 and the latter is similar to our result of the Ru/Ti/SiO 2 system.
With regard to the work function tunability, several plausible explanations have been suggested such as models based on quantum size effect and ab initio study, 14 diffusion of metal ions, 9 and islandlike growth of the bottom layer. 8 Park et al. theoretically reported that the work function can shift by two or three atomic layers and even a submonolayer of the overlying metal on another metal. 14 Lu et al. suggested a diffusion of Ti into W in the Ti/W bilayer system on SiO 2 is responsible for the gradual work function transition. 9 In contrast to these hypotheses based on continuous layer formation, Jeon et al. demonstrated that surface coverage of Pt or Ta stemming from the island growth is associated with work function tunability of metal. 8 To know the proper origin of work function shift, two characterization techniques were applied. One is the EDS for metal interdiffusion or metal intermixing study and the other is HR-TEM for observation of island growth of the bottom layer.
If the interdiffusion of metal ions attributes to the work function variation, it is expected to exhibit gradual variation of work function with bottom-layer thickness. 4, 9 The work function of the bilayer can be controlled by choosing the degree of metal diffusion according to, for example, postdeposition annealing temperature. Assuming the interdiffusion of metal as an origin of work function shift, the metal of the top layer should be more or less detected at the bottom metal layer. In order to demonstrate the interdiffusion between Ti and Ru layers, EDS analysis was conducted for 54 nm Ru with Ti of two different thicknesses of 3 and 20 nm after FGA, and their depth profiles are shown in Fig. 3a and b, respectively. As shown at these depth profiles, it is obvious that Ru ions are incorporated down to the lower interface of a thin Ti bottom layer, whereas those are detected only at the top interface of a thick Ti layer. These results indicate that the diffusion of Ru ions plays an important role for the shift of work function of the bilayer metal structure. According to Fig. 3b , the diffusion depth of Ru seems to be close to half of the Ti layer after 400°C annealing ͑ϳ10 nm͒, which is roughly consistent with the Ti thickness tuning the work function of Ru/Ti system ͑ϳ7 nm͒. Thus, it is speculated that the metal diffusion is responsible for the continuous work function variation with bottom-layer thickness between work functions of two respective metals. 9 According to the ab initio study, the coverage of stacking metal also affects the work function of bulk metal with the ranges between their own values of two metals, with the linear relationship to coverage.
14 The interfaces between two metal layers and between the dielectric and bottom metal layer were observed by HR-TEM. The microscopic cross sections of 1 and 3 nm Ti layers are shown in Fig. 4a and b, respectively. The morphology with a thin 1 nm Ti layer shows the hazy layer boundary but clear contrast difference between Ti and Ru layers, which indicates the evidence of sporadic island-type growth of an ultrathin Ti layer. 15 However, the 3 nm Ti layer sample exhibits a clearly separated bilayer structure due to the continuous film growth. The presence of island growth makes the top Ru layer partially contact with SiO 2 dielectric. It is expected that the electrical properties of MOS capacitors with a thin Ti bottom layer result from two different metal-gate electrodes in parallel. In this condition, the device characteristics such as EOT and work function show the combination effect of the intrinsic properties of both metals with their coverage ratio. Therefore, it seems that the variation of work function at the ultrathin bottom layer roughly below 1 nm is related to the contact ratio of both metal layers to dielectric. The fast coalescence of the Ti island makes the tunable thickness range of work function narrower as compared to the Pt/Ti system. 8 It is clear that the effective thickness of islandlike growth is much thinner than the metal diffusion depth discussed above. Then, 
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Conclusions
The work function tunability of bilayered Ru/Ti metal electrode on thermal SiO 2 was demonstrated and its origins were investigated on the basis of both metal interdiffusion and island growth of the bottom layer. The work function of bilayer metal varies within the values of Ti and Ru, and the variation range is about 1.3 eV. However, the variation mostly occurs when the bottom Ti layer is less than 7 nm. This abrupt variation is speculated to be due to both the island-type growth of an ultrathin bottom Ti layer and the metal diffusion of the top layer into the bottom layer. It is thus instructed that the control of the coverage ratio of two metal layers and the diffusion amount of the top metal is a promising method to determine the work function of bilayer metal electrode.
